INTRODUCTION
Large tectonic plate deformations occurred in Southeast Asia on 26th December 2004 due to the 9.2 Mw Sumatra-Andaman earthquake on the subduction zone along the boundary between Australian and Sundaland plates. This megathrust earthquake caused significant co-seismic deformation (from geodetic kinematic results) up to a couple thousand km away from its epicenter (Stein and Okal 2005; Vigny et al. 2005) . Peninsular Malaysia, just as many other regions in Southeast Asia such as Sumatra, Java, Thailand, and Myanmar have been coseismically displaced and subsequently undergoing great postseismic relaxation at the centimetre to decimetre level that will probably continue for many years (Satirapod et al. 2013; Panumastrakul et al. 2012; Anugrah et al. 2015; Kreemer et al. 2006) .
Although other subsequent large earthquakes of Mw8.6 NiasSemuelue and Mw 8.5 Bengkulu occurred, the internal deformation over the affected area due to large scale of impact in the Southeast Asia. Consequently there are complex ongoing geophysical processes have resulted insignificant post-seismic deformations in several locations in this region. Investigation into the effect of these earthquakes on the distortion of the geodetic reference frame in Malaysia is crucial in order to maintain an accuracy of the active CORS and passive network (i.e, benchmark) that serves as a horizontal datum for surveying and mapping works in the country. Quantification of postseismic model due to aforementioned earthquakes is crucial to account for non-linear distortion of reference frame definition. This paper presents the utilization of continuous GPS data in Peninsular Malaysia and Sumatra, Indonesia for estimation of postseismic deformation after the occurrence of Mw8.6 NiasSemeulue And Mw8.5 Bengkulu earthquakes. Section 2 describes data selection and methodology to achieve the aim of the study.
DATA AND METHODS OF ANALYSIS
This section provides discussion on the data selection and methodology for quantifying postseismic deformation in the study area. Figure 1 demonstrates work-flow of the work and description of the work is explained as follows; Figure 1 . Methodology of the study. Figure2 illustrates the location of the earthquake epicenter and distribution of GPS network used in the study. Figure 2 . Location of the earthquake epicenter and distribution of GPS network used in the study. Yellow stars are location of earthquake epicenter, while yellow circles are GPS stations utilized in this study.
GPS Data & High Precision Time Series Generation
By following the work by Anugrah et al. (2015) , the daily solution of GPS network in ITRF2008 resulted in 4 years of position time series were transformed into ITRF2000 by using helmert-tranformation scheme. This is to allow for obtaining daily solution in Sundaland block by using parameter of rotation pole proposed by Simon et al. (2007) . The time series were then plotted using in-house MATLAB programming scheme namely, GRBCRD in order to generate the postseismic time-series for the Nias 2005 and Bengkulu 2007 earthquake event. With the GRBCRD, daily position files in Cartesian coordinates were then converted to local planar coordinate northing and easting in horizontal components and ellipsoidal height (up). This will allow for plotting coordinate time series in both components separately.
The outliers within the time series were then detected by using Auto-Regressive-Moving-Average model (ARMA) technique and removed as it may affect the postseismic deformation trend later for estimating the coseismic offset and deformation parameter after the earthquake.
Co-and Postseismic Deformation Parameters Estimation
A non-linear minimization scheme using least-square estimation method was performed to estimate the postseismic deformation parameter simultaneously. Two types of postseismic process considered independently are; velocity-strengthening afterslip, which follows a logarithmic decay (Kreemer et al, 2006; Marone et al. 1991) ;
and a relation mechanism, which follows an exponential decay (Kreemer et al., 2006; Savage and Prescott, 1978) ;
In (1) and (2), t is time since the earthquake, u(t) is the position (north and east), c is the total co-and postseismic offset, a is the amplitude associated with the decay, and log τ and exp τ are the logarithmic and exponential decay time, respectively (Kreemer et al. 2006 ). The post-seismic time series were fitted in to the aforementioned deformation function models for both firstorder representations of afterslip and relation process.
Statistical Analysis
Goodness-of-fit statistical test is a method that provides a useful measure of significance of the difference between two models. It was performed to evaluate the suitability of both postseismic processes for the earthquake event and to compares how well two different models fit a set of data.
2 χ is a sum of squares of weighted residuals defined as (Stein and Gordon, 1984) as follows;
Where u(t) 0 is the observation position of site i, u(t) m is the calculated position of site i from the postseismic model (logarithmic or exponential function models), and N is the total number of observations. A good model should have a minimum reduced 2 χ which indicates the best fitting of deformation model estimation.
RESULTS AND ANALYSIS
From the high-precision processing of daily solutions between years 2005 and 2011 ambiguity resolution showed results above 75%. Positional root-mean-square (rms) errors for all stations were below 1mm for the horizontal component and between 1mm and 1.5mm for the height component.
The time series for ongoing Sumatra-Andaman earthquake as detected by twelve GPS stations of SuGAr and MyRTKnet is illustrated in Figure 2 . The estimated geodetic coseismic offsets and postseismic amplitudes for the earthquake range between stations from several centimeters to millimeters. The location of PBJO, LNNG, LAIS ABGS and JMBI stations are much closer to the rupture of both earthquakes. Thus the Goodness-of-fit test for both deformation models indicates that, the postseismic time-series are fit significantly better by logarithmic decay model than exponential decay model. The averaged goodness-of-fit results in averaged chi-square term at 3.2 and 69.3, respectively. Thus, logarithmic decay deformation is considered which indicates velocity-strengthening afterslip for both this event. However, the results indicate first-order of post-seismic and viscoelastic relation for continuous GPS data of 100 days forward has to be taken into account.
According to Figure 3 coseismic offsets were detected up to ~2 metre at ABGS can be depicted from the study. In contrast, coseismic subsidence was observed from a few millimeters to 1 meter along the fore-arc region. The study also found that sites in the west-coast of Peninsular Malaysia also have the largest coseismic displacement as compared to the east-coast side. A noticeable post-seismic deformation as experienced by both Peninsular Malaysia and Sumatra after ~1000days from the earthquake day was identified. The deformation towards the rupture are, was likely affected by double coseismic and postseismic deformations recent megathrust earthquakes. Site of UMLH in northern Sumatra maintained similar postseismic horizontal directions after the 2004 earthquake however greater vertical deformation at ~6cm per year can be identified which moving reversed from co-seismic subsidence to postseismic uplift.
On contrary, sites LNNG and PBJO in southern Sumatra moved to northeast direction and experienced slow vertical deformation at ~2cm per year. Despite the postseismic deformations in Sumatra, crustal deformation over Peninsular Malaysia moved heterogeneously over latitudinal directions. The postseismic motion in the northern parts shows horizontal deformation at ~2-3cm per year which ~40percent greater than one that observed by the sites in the middle and southern part. A widespread of coseismic trench ward motions due to Bengkulu earthquake were identified by sites in Sumatra, and Peninsular Malaysia. Large cosesimic were found reaching ~1.8m at site LNNG and LAIS. The sites situated along the strike from megathrust rupture moved several millimeter to centimeters away from the rupture source. Besides, vertical uplift motion at sites ABGS and LNNG were observed at 5mm to 19cm. On contrary site JMBI experienced almost zero vertical change. Approximately 1000km from the rupture zone, large coseismic at ~5cm were depicted at sites of southern Peninsular Malaysia. This offset resulted by the earthquake shows a newly deformation orientation the crustal in the area thus complicate to model the long-term postseismic in Peninsular Malaysia. However the cumulative post-seismic displacements by end of 2011 were smaller than the co-seismic displacements at most station, except for sites in the northwest of Peninsular Malaysia such as LGKW and ARAU. The postseismic horizontal displacements continued in a direction similar to the co-seismic displacements. Overall, larger magnitude size of earthquakes in southern Sumatra gave a significant impact into tectonic deformation in Peninsular Malaysia.
CONCLUDING REMARK
This paper show that GPS sites in northern Sumatra and westcoast of Peninsular Malaysia is clearly enabled to estimate the duration of postseismic process. The results from the test indicates that the GPS data in northern Sumatra and west-coast of Peninsular Malaysia for the period of seven years since the day of Nias 2005 and Bengkulu 2007 earthquake are fit better using logarithmic function. The results have concluded that GPS data for a period of 2005-2012 are indicates that the region is experiencing velocity-strengthening afterslip.
As for revising new reference frame realization in Malaysia, this finding is suggested to be considered in order to determine the postseismic model to cope non-linear tectonic change within the region. This study also intended to maintain continuous GPS data for further hazard analysis within the region.
